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Abstract9
A 2.5-month long gravity sequence, encompassing the starting period of the 2002–2003 Etna eruption and coming from a summit10
station only 1 km away from the new fractures, is presented and discussed. The sequence comprises some hours-long anomalies that11
have a great chance to reflect mass redistributions linked to the ensuing activity. In particular, the start of the eruptive activity on12
the northeastern flank was marked by a gravity decrease as strong as about 400Gal, which reverted soon afterwards. This strong13
decrease/increase anomaly is interpreted as the opening, by tectonic forces, of a fracture system along the Northeastern Rift of Mt.14
Etna, followed by an intrusion of magma from the central conduit to the new fractures. They were used by the intruding magma as15
a path to the eruptive vents at lower elevations.16
Afterwards, on three occasions, in November and December 2002, 6–12 h-lasting gravity decreases, with amplitude ranging17
between 10 and 30Gal, were observed simultaneously with increases in the amplitude of the volcanic tremor from four seismic18
stations. A correlation analysis, between the gravity signal and the overall spectral amplitude of each tremor sequence is performed19
over the 7 November–9 December period. A marked anti-correlation is found over each contemporaneous gravity decrease/tremor20
increase, while, over the rest of the investigated period, the correlation is negligible. Accordingly, a joint source is inferred to have21
acted during the occurrence of the three common anomalies. On the grounds of some volcanological observations spanning the22
period covered by our analysis, we propose the temporary accumulation of a gas cloud at some level within the plumbing system23
of the volcano to have acted as a joint source.24
The present work is a further evidence of the potential of continuous gravity observations as a tool to monitor and study active25
volcanoes and encourages their employment in spite of the difficulty of running spring gravimeters in a continuous fashion under26
the adverse conditions normally encountered on the summit zone of an active volcano.27
© 2006 Published by Elsevier Ltd.28
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1. Introduction31
Gravity measurements are usually conducted at active volcanoes by discrete surveys (e.g. Rymer, 1994) and have32
proved to be effective for both monitoring and research purposes (e.g. Jachens and Eaton, 1980; Eggers, 1983; Rymer33
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and Brown, 1987; Sanderson, 1982; Berrino et al., 1992; Rymer et al., 1993, 1995, 2000; Jousset et al., 2000).34
Microgravity studies through discrete observations have been continued at Mt Etna for more than 15 years and have35
allowed mass redistributions occurring at depths between 8 km b.s.l. and a few hundred meters below the surface to36
be detected and correlated with paroxysmal phases of the activity (Budetta and Carbone, 1998; Budetta et al., 1999;37
Carbone et al., 2003a). The main drawback of repeated gravity measurements is the lack of information on the rate38
at which the detectable processes occur, as only changes between the times when two successive surveys have been39
performed (ranging usually between 1 month and 1 year) can be assessed. Furthermore, the summit zone of Etna40
cannot be surveyed during the winter time (because of the snow cover) and, to avoid exposure of personnel to risks,41
during paroxysmal phases of the activity. Accordingly, it is vital to install continuously recording stations enabling the42
temporal evolution of possible magmatic sources to be followed all the year long and with a temporal resolution which43
would be unthinkable if only discrete measurements were available.44
Continuous gravity measurements at volcanic sites are scarcely performed (Berrino et al., 1997, 2006; Bonvalot45
et al., 1998; Branca et al., 2003; Carbone et al., 2003b, 2006) due to the bad conditions encountered at sites close to46
active craters, where it is quite difficult to attain the required precision in the data. Since 1998, three continuous gravity47
stations, equipped with LaCoste and Romberg (L&R) spring gravimeters, have been installed at distances from Etna’s48
summit craters ranging between 1 and 10 km (Carbone et al., 2003b). Since their first installation, the three Etna stations49
have worked more or less intermittently. To achieve a better signal/noise ratio under the harsh environmental conditions50
encountered at the summit zone of a volcano we have developed a special 3-component setup for our stations, which51
is robust, easy to remove and re-establish and cheap (the gravity meter being by far the most expensive item).52
The power system employs solar panels connected to trickle-charged batteries. To provide a constant power supply53
(within a few hundredth of a Volt) to the feedback of the recording L&R meters a dc–dc converter coupled with a54
low-dropout tension stabilizer is used.55
The acquisition system comprises the gravity meter itself, which outputs analogue signals representing the feedback56
force and the long and cross levels, sensors to measure the atmospheric temperature, pressure and humidity and a57
datalogger (usually a CR10X by Campbell Scientific). The meters are equipped with remote controlled stepper motors58
to reset them. The whole acquisition system is placed inside a thermally insulating polystyrene container.59
After being temporally stored in the solid-state memory of the data logger, data are dumped to the INGV Sezione60
di Catania (Catania, Italy) automatically every 24 h by the transmission system which employs a cellular or wireless61
connection. Using suitable software on a computer in Catania it is also possible (a) to remotely activate the stepper62
motor which turns the meter dial allowing the meter to be reset and (b) to monitor in real time all the parameters63
recorded.64
In the following we present and discuss a 2.5-month long gravity sequence acquired at PDN station (Fig. 1) and65
encompassing the first period of the 2002–2003 Etna eruption. Only PDN gravity station was working during the period66
when the 2002–2003 eruption occurred (October 2002–January 2003). As far as we know, this gravity sequence is the67
very first one encompassing the starting period of an eruption with new fractures only 1 km away from the recording68
site. Thus, the observed anomalies represent an unique document allowing some important constraints on the mass69
redistributions occurring during the eruption to be set.70
2. The 2002–03 Etna eruption71
On 26 October 2002 at 20:12 UTC, a seismic swarm with epicentre located in the summit zone of Etna preceded and72
accompanied the formation of dry and eruptive fissures (Andronico et al., 2005). The 2002–2003 Etna eruption began73
on the night of October 26–27, 2002 with lava flows issued from both (i) a fissure systems on the southern flank of the74
volcano, at elevations between 2850 and 2600 m and (ii) a fissure systems on the northeastern flank, between 2470 and75
1900 m (Fig. 1; Andronico et al., 2005). The extraordinary explosive activity, which characterized this eruption, led to a76
volume-of-pyroclastic-products/total-erupted-volume ratio of 0.5–0.6, the highest in the last five centuries (Andronico77
et al., 2005).78
The activity on the southern flank lasted 93 days with a variable eruptive style. The explosive activity concentrated79
at a vent located at 2750 m a.s.l., where a cinder cone formed (Fig. 1). It consisted of intense fire fountains that, from80
the second half of December, 2002, alternated with mild Strombolian activity. Effusive activity was discontinuous and81
occurred from different vents which opened mostly at the base of the 2750 m cinder cone. They produced a lava-flow82
field with maximum length of 4 km (Fig. 1) until 28 January 2003, when the effusive activity ceased.83
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Fig. 1. Sketch map showing the position of the continuous gravity stations of the Etna’s array. The position of the four seismic broadband stations
(mobile array) whose signals are utilized in the present study is also reported. The AB profile is the one utilized for the calculation in Fig. 3.
On the northern flank, the activity occurred along the eastern border of Etna’s Northeast Rift (Gardun˜o et al., 1997;84
Fig. 1). It lasted 9 days and was characterized by fire fountaining, Strombolian and effusive activity. The explosive85
activity was less intense than that occurring on the southern flank and began to decrease slowly since 29 October. The86
effusive activity produced two flows with maximum length of 6.5 km (Fig. 1), until the end date of 3 November.87
3. The gravity sequence acquired during the 2002–2003 Etna eruption88
PDN gravity station is placed on the summit northern slope of the volcano, at an elevation of 2820 m a.s.l. (Fig. 1).89
The station had worked since August 2002 and continued to acquire until December 2002, when a failure of the solar90
panel-based power system (see Section 2) prevented the data acquisition from carrying on. During the above working91
interval, PDN station was equipped with L&RD-185 gravimeter which features a maximum voltage retroaction (MVR)92
analog feedback system (van Ruymbeke, 1989, 1991) implemented at the Royal Observatory of Belgium (ROB) in93
Brussels.94
In Fig. 2b the gravity signal from PDN for the 17 October–31 December 2002 period is shown. Data were collected95
at 1 datum min−1 sampling rate (each datum is the average calculated over 60 measurements). The gravity signal is96
reduced for the effect of Earth Tides (amplitude up to 200Gal peak-to-peak depending on latitude, elevation and97
stage in the tidal cycle) following the tidal potential catalogue from Tamura (1987). We computed the synthetic tide98
through the Eterna 3.30 data processing package (Wenzel, 1996), using the local tidal parameters deduced from local99
recordings and the Wahr–Dehant–Zschau inelastic Earth model (Dehant, 1987). The effect of the instrumental drift100
(modeled as a first degree curve) is also removed from the gravity signal.101
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Fig. 2. Gravity sequence acquired at PDN station during the 17 October–31 December 2002 period (b) and zooms over: (a) the 48 h signal encom-
passing the start of the 2002–2003 eruption (black arrow in (b)) and (c) the three 60 h signals encompassing the gravity decreases contemporaneous
to volcanic tremor increases (the signal from ERCB seismic station is shown in (d)). A low-pass filter (cut-off frequency of 24 cycles per day) is
applied to the signal in (a) to better evidence the main change of the gravity field against the strong background noise. The dashed lines in (a) mark,
respectively: (left) the start of the seismic swarm before the eruption and (right) the opening of the eruptive fissures at 2470 m a.s.l.
Before the start of the eruption, the mean background noise of the gravity signal was less than 1Gal102
(1Gal = 10 nm s−2). It increased progressively from 21:36 GMT on 26 October. Successively, from 00:07 of the103
27th, a very strong and rapid gravity decrease took place (Fig. 2a): in less than 1 h, the amplitude of the change104
reached about 400Gal. Afterwards, the mean value of the gravity signal started rising again at a high rate (roughly105
100Gal h−1). In Fig. 2a, the complete decrease/increase anomaly is evidenced against the strong background noise106
through a low-pass filter with cut-off frequency of 24 cycles per day. Following the above main change, marking the107
very start of the eruption, other weaker anomalies were observed. In particular, on three occasions (12 November,108
19–20 November and 8–9 December), decreases in the gravity value having a maximum amplitude ranging between109
10 and 30Gal (Fig. 2c) occurred simultaneously with increases in the amplitude of the volcanic tremor (Fig. 2d). The110
three simultaneous gravity decreases/tremor amplitude increases last 6–12 h and terminate with steep changes lasting111
30–90 min, after which the sequences return to the mean amplitude they had before the anomaly took place (Fig. 2c112
and d).113
Unfortunately, it is not possible to evaluate the influence of elevation changes on the gravity signal under study114
since, during the period of interest, due to power-saving reasons, the continuous GPS station working at PDN recorded115
on a daily basis. As stated before, ground tilt changes are measured at each gravity station on Etna. To that purpose, the116
electronic levels fitted to the instrument (resolution = 2.5rad; LaCoste and Romber, 1997) are utilized. It is noteworthy117
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Fig. 3. Upper panel: signals from the cross (a) and long (b) levels fitted to the gravimeter at PDN station during a 48 h period encompassing the
start of the 2002 NE-Rift eruption. Solid curves are low-pass filters. The calculated gravity effect (c) of the ground tilt is also reported. Lower panel:
Ground tilt observed at PDN station during the 7 November–10 December 2002 period. Grey strips highlight the periods over which the three joint
tremor/gravity anomalies took place (see text and Fig. 2b and c).
that, while tilt changes during the three November–December joint anomalies were negligible (within 10rad; see the118
lower panel of Fig. 3), peak-to-peak fluctuations up to 120 (long) and 350 (cross)rad occurred during the 27 October119
anomaly (Fig. 3a and b). However, the calculated amplitude of the gravity effect of the tilt changes is within 30Gal120
(Fig. 3c). Obviously, tilt changes that move the meter away from the horizontal position (where it measures the full121
force of gravity) produce a negative effect.122
Thus, while it is feasible that the November–December gravity anomalies were not affected or were affected only123
weakly by ground deformation (elevation change are not likely to occur without tilt changes), a part of the 400Gal124
gravity decrease observed during the onset of the eruption on the northeastern flank is due to ground tilt and, possibly,125
to height changes. Anyway, it cannot be ruled out that most of the 27 October anomaly is linked to subsurface mass126
redistributions.127
As for other possible perturbations to the gravity anomalies under study here, it is noteworthy that instrumental128
effects linked to atmospheric parameters are expected to be very small over periods of the order of a few hours (Ando`129
and Carbone, 2001). In particular, temperature, pressure and relative humidity changes contemporaneous to the gravity130
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anomalies presented above were surely too weak (within 0.1 ◦C, 2% RH and 4 mbar, respectively) to produce any131
significant effect.132
4. Discussion of the main gravity anomalies observed133
The main anomalies, observed during the October–December 2002 period and described in the previous section, are134
discussed separately in the following. First the 27 October anomaly is discussed and a possible source mechanism is135
proposed also on the grounds of volcanological observations. The weaker anomalies that took place between November136
and December are discussed together in a subsequent sub-section, as they present many common characteristics.137
4.1. The 27 October anomaly138
As stated before, it is reasonable to assume that most of the 400Gal gravity anomaly observed during the onset139
of the 2002–2003 eruption is linked to subsurface mass redistributions. The likeliest mechanism able to cause a quick140
and strong density decrease is opening of new voids. Accordingly, the negative (first) part of the 27 October gravity141
anomaly (Fig. 2b) could have been caused by the opening of a dry fracture system on the northeastern slope, in the area142
of Piano delle Concazze (within 1 km from the station), during the early stage of the paroxysmal event. By assuming143
the new forming fractures to be dry, we rule out the magma overpressure as a cause of their opening and thus we suggest144
that they are rather the effect of external forces (Branca et al., 2003). Accordingly, the right en-echelon arrangement of145
the new fracture system, observed in the field, reflects the eastward gravitational sliding of the mega-block delimited by146
the Provenzana–Pernicana fault system (Borgia et al., 1992; Lo Giudice and Rasa´, 1992; Froger et al., 2001). Magma147
from the central conduit would have used the new fracture system as a path to the eruptive vents downslope, and, filling148
the newly formed voids, provoked the observed gravity increase which roughly compensated the previous decrease149
(Fig. 2a). It is noteworthy that some characteristics of the eruption, namely (i) its short duration and (ii) the effusion150
rate decreasing rapidly with time are in keeping with the inferred intrusive mechanism.151
In a first approximation, to asses the amplitude of the gravity change due to a new forming dry fracture along152
a direction perpendicular to its orientation (the AB profile in Fig. 1), the following formula can be utilized (two-153
dimensional vertical sheet; Nettleton, 1976):154
g = 2Gρt ln
[
(h + l)2 + x2
h2 + x2
]
(1)155
where G is the universal gravitational constant (6.6742 × 10−11 m3 kg−1 s−2; Mohr and Taylor, 2005); ρ the density156
change; h, l and t are, respectively, depth of the top, vertical length and thickness of the body; x is the horizontal distance157
along a direction perpendicular to the orientation of the dike.158
For the calculation we assume:159
• the top of the model to be very shallow (within a few tens of meters below the surface), given the presence of both160
new eruptive fissures above and below the area crossed by the AB profile and new fractures to the west of PDN161
station (Fig. 1);162
• the width of the model-source to range between 2 and 10 meters (data from studies on Etnean dykes; Ferrari et al.,163
1993);164
• the depth of the model to range between 2 and 4 km (Carrigan, 2000).165
• the density change to be equal to the difference between zero and the density of the host rock (new forming dry166
fracture), i.e. equal to −2500 kg m−3.167
As shown in Fig. 4, to attain the expected gravity decrease at a distance from the model of about 1 km (i.e. the168
expected distance between the new forming fracture and the gravity station; Fig. 1), a value of t of at least 5 m is to be169
assumed in the calculation.170
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Fig. 4. 2D calculation along the AB profile (Fig. 1) of the gravity effect of a prismatic source with thickness (t) ranging between 2 and 5 m. The
other characteristics of the model are reported in the text (after Branca et al., 2003).
4.2. The November–December anomalies171
As already shown (Section 3), the three November–December 2002 gravity anomalies shown in Fig. 2c occur172
simultaneously with temporary increases in the amplitude of the volcanic tremor (Fig. 2d). To assess a clear picture of173
the relationships between these signals, a correlation analysis is accomplished between the gravity signal from PDN and174
the tremor signals acquired at the four broadband seismic stations (EMTB, EMFB, ERCB and ETRB), whose position175
is reported in Fig. 1. The length of the available seismic sequences limits the correlation analysis to the 7 November–9176
December sub-period. For the sake of this analysis the gravity sequence is high-pass filtered with cut-off frequency177
equal to 2.8 × 10−6 Hz. Furthermore, the strong difference in the sampling interval of gravity (1 datum min−1) and178
tremor (65.5 data s−1) implies that an averaged signal must be used in the correlation analysis instead of the actual179
tremor. Tremor sequences are thus resampled by calculating the integral of the spectrum over subsequent 4096-sample180
(65.5 s) windows of signal. By choosing a suitable overlap of the sliding window (about 10%), we obtain overall181
spectral amplitude sequences at a rate of 1 datum min−1, i.e. the same sampling rate of the gravity signal (Carbone et182
al., 2006).183
The correlation analysis is accomplished using a 12 h time-window sliding along the signal with 50% overlap.184
A marked anti-correlation (up to 0.95) occurs in correspondence of the 12 November, 19–20 November and 8–9185
December tremor/gravity anomalies (gray strips in Fig. 5). Apart from the 13th of November, when another strong186
anti-correlation is detected, over the rest of the considered time interval, the correlation never reaches values higher187
Fig. 5. Correlation analysis between the gravity signal from PDN station and the tremor signal from EMTB, EMFB, ERCB and ETRB seismic
stations (refer to Fig. 1 for the position of the stations). The analysis is performed over a 12 h window, sliding with 50% overlap along the signals.
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than 0.4 (Fig. 5). This result strongly suggests that, during the three tremor amplitude increases/gravity decreases, a188
common source activated which, during the rest of the period under study, either was not active or produced a weak189
effect, thus overwhelmed by the effect of other sources.190
Unfortunately, as better outlined by Carbone et al. (2006), strict geometrical constraints on the inferred joint source191
cannot be set neither through polarization analyses of the available tremor sequences (polarization ellipsoids show192
inextricable patterns) nor using gravity data from only one station. Thus, only a speculative interpretation of the193
source-mechanism can be conducted.194
Volcanological observations (Andronico et al., 2005) indicate that both the 12 November and the 8–9 December195
anomalies occurred during periods of temporary switch of the activity from intense lava fountaining to mild Strombolian196
activity. Furthermore, after the end of all the three anomalies, new effusive vents opened.197
According to Andronico et al. (2005), the 12 November change in the volcanic activity resulted from a grad-198
ual decrease in the magma fragmentation within the upper level of the system feeding the 2750 m vent (Fig. 1),199
which eventually lead to a collapse of the magma/gas mixture. A successive rise of the fragmentation level trig-200
gered the resumption of fire fountaining. Likely, the same mechanism acted during the 8–9 December anomaly which201
took place under the same outward circumstances (switch in the volcanic activity) as the first one. From the above202
statements, it follows that two out of the three joint gravity/tremor anomalies (the 19–20 November event occurred203
during night hours, when volcanological observations were not available) took place when the plumbing system204
feeding the 2750 vent was temporarily less efficient then usual in discharging to the atmosphere the high quan-205
tity of gases coming from below. Under these conditions, a foam layer can form (Jaupart and Vergniolle, 1988;206
Vergniolle and Jaupart, 1990), since the gas bubbles, which flow from below and are unable to reach the surface,207
accumulate at some structural barrier along the conduit plexus. The occasional growth of a gas cloud within the208
plumbing system of the volcano could (a) causes a localized mass decrease if the gas bubbles substitute magma (a209
denser material), and thus a gravity decrease observable at the surface and (b) acts as an efficient radiator of seismic210
energy (Pontoise and Hello, 2002). Therefore, this mechanism could explain the November–December 2002 joint211
anomalies.212
5. Conclusions213
The difficulty of carrying out continuous measurements through spring gravity meters in the summit zone of an active214
volcano, where the conditions are far from the clean laboratory, has long prevented this technique from developing215
as other geophysical methods. The technological advances in the last years have allowed most logistic difficulties to216
be overcome and continuous gravity observations are now increasingly utilized as a tool for monitoring and studying217
restless volcanoes (e.g. Jousset et al., 2000; Carbone et al., 2003b). The gravity sequence discussed here is maybe the218
first one acquired during an eruption at a site very close to the eruptive vents. We have shown that, to utilize the gravity219
sequences more effectively, data should be compared to the other available geophysical time-series (GPS, tremor,220
geomagnetic, etc.) and also to field evidences, in order to better discriminate which kind of source can be responsible221
for possible anomalies.222
Coupled with volcanological evidences, the gravity data contemporaneous to the start of the eruption on the north-223
eastern slope of the volcano permit some constraints to be set on the characteristics of the inferred injection. In particular,224
the strong gravity decrease, interpreted as the effect of the opening of new voids, indicates that the magma did not225
actively trigger the opening of the eruptive fissures along the Northeast Rift and so did not intrude contemporaneously226
with, but after the development of the fracture system, which was instead driven by the large-scale collapse of Etna’s227
northeastern flank.228
Furthermore, by cross-analyzing the gravity sequence with contemporaneous tremor sequences, we have shown that229
a strong anti-correlation can establish between the overall spectral amplitude of the volcanic tremor and the gravity230
signal over anomalies with period of the order of a few hours. This occurrence reflects the activation of a joint source,231
in our view a gas cloud which could form under particular conditions within the conduit system feeding a new eruptive232
vent.233
Finally, it is worth stressing that the up-to-date configuration, with three continuously recording gravity stations234
working on Etna, would allow constraints on the position of future possible common sources to be set on the ground235
of gravity data only.
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